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Abstract

.T'iA reporrt is a comprehensive reviw. of the metallurgical factors

pertinent to the production and .testing of steel aircraft armor plate.

The development of aircraft armor is summarized and the relative

importance of types of steel aircraft armor plate is outlined.

It is shown that the degree to which homogeneous steel aircraft armor

resists penetration of armor piercing projectiles is dependent upon the tovlghness

of the plate material when heat treated to an optimum hardness for the given

ballistic condition. The optinum microstructure for toughness is tempered mar-

tensite. Inhonogeneitics in the plate material lower the toughness. Suitable

compositions for homogeneous armor are those which will quench out to full mar-

tensite on the quenching treatment used and will permit use of tempering ter:-era-

tures hidn enough to avoid temper embrittlement.

References to a number of World "(ar II lestigaticns are used tc show

that fece hardened steel armor resists penetration b\ breaking up the projeotile

and the plate's ability to break up a projectile is dependent upon a high face

hardness. It is suggested that there is an optimum face hardness. It is also

shown that there is an optimum depth of hardening and an optimum back hardness

for a given test condition. Carburized armor, Pluramelt armor and as yet un-

developed composite armors are discussed briefly.

Finally it is shown that war time inprovekom in quality are reflected

by higher specification requirements. The posaibiliti"s of further improvemert

in homogeneous armor appear 4, be limited, while it sems reasonable to expect

additional improvement in face hardened amor.
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Preface

In Nova-,aber 1946, the Cqrnfogie-Illinois Steel Corporation undertook

a coi';ra&c4 -.-ith the Naval flese-.rch laboratory, Anacostirt Station, Viashingto,.,

D. C. to conduct a study or steel aircraft armor improvement during the aorlU

War 11 period. 'Me :-.peificaticns for the study set forth by the Naval Re:30areh

Laboratory were as followasa

1. Summiarize results of tests of experimental steel aircraft armor

with caliber .50 A. P., 20.=n A. P. and 20mm q{. E. at Dahlgrens Va. pointing

out in the case of each -group of tests what variables were under imvestigation.

2. After conferring with Array representatives as to experimental

steel aircraft armor tests make a sum:,,arjy of what appear to be the most signifi-

cant Army results.

3. Discuss the results of these tests. Give parti.zular attention

to variables for -which ballistic test results showed great sensitivity.

4. As conmpletely as this survey and its incidenta'l studies per-dit,

list the investigation which might be expected to provide basic information

necessary for additional steel armor Improvement.

5, Prepare a report embodying (1)-, (2), (3) and (4) for submission

to the Naval Research Laboratory.

The authors' proposed method or study was submitted to the Naval

Research Laboratory in outline form in February '1947. Since then, the authors

or their associates have visited the Navy Department Bureau of Ordnance and

Bureau of Aeronautics, the Naval Proving Ground, the War Department Office of

Chibf of Ordnance, the Watartown Arsenal and the Naval Research Laboratory

In search of data and reports to be included In the survey. Naturally, as in

auy work of this type, the authors must admit misgivings con~cernin~g the

rv r 1



L
percentage of data which may have escaped review by their methods. Nevertheless,

it is believed that all important phases of the metallurgical design of steel

aircraft araor have been studied during the course of the survey and t-he findings

reported herein are generally supported by published references. The 0 xcettj'

qre a few instances where the authors nave had to call upon their own expfriences

and knowledge of related products to establish a hypothesis or to analyze non-

integrated data.

The authors wish to express their appreciation for the cooperative

attitude shown by representatives of all of the afore mentioned agencies. Their

advice and aid in selecting reports for study and their help in making material

available greatly facilitated the authors' work.

J. It. Hedge, Research Associate
Carnegie-Illinois Steel Corporation
Pittsburgh, Pennsylvania

H. V. Joyce, Coordinator of Ordnance MtLeria:3
Homestead District Works
Carnegie-Illinois Steel Corporation
Munhall, Pennsylvania

alJ/pb
June 25, 1948
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INTRODUCTION

I. Jbe o.' Arror in Aircraft

While references to the use of armor plate in aircraft may be foind

in the literature as far back as 1916, aircraft armori as it is known today is,

generally speaking, a development of the World War II period. Prior to %VcrlA

War II, armor plate installed in airplanes was termed "thin armor", "light

armor" or "bullet proof steel" and was the same armor as that used on light

tanks and armored cars. Even as late as 1941 the services did not have a

specification for aircraft armor. In that year, however, joint industry and

service co-mittees were formed to develop higher quality armor and to establish

specificutions for procurement of the same.

The aircr--ft armor prcblem was not a simple one prir.-rily becau-e or

the limitation of weight. Perhaps in no other application of armor is the

object of getting the greatest protection from the least weight of more import-

ance than in the design and fabrication of aircraft armor. Pursuit planes

being built in 1941 carried but 200 pounds of armor plate and the latest model

of the "Flying Fortress" (the B17-E) had less than 2000 pounds of armor.

Had there been but one type of attack against which protection was

required, the problem would have been somewhat simplified. leedless to say.

however, such was not the case. As well as anti aircraft fire from the ground,

head on, beam and rear attacks by enemy fighters against bombing planes were t-3

be expected. Furthermore, enemy airplanes were known to carry several caliber

of guns loaded with several types ot ammunition. It was also reasonable to

assume that new types of armament and ammunitions of which our services were

not aware, could be encountered on any mission.

'ri



The design and installation of the armor itself also t ended to

complicate the problem. Since obviously the whole airplane or even the whole

fuselage could not be armor plated, the limited amount of armor to be carried

was distributed mostly within the cabin in a manner to afford protection to

each crew menberts station. An attacking missile therefore in many casea had

to pass thrcugh the fuselage skin and various structural members before impact-

ing the armor plate. It wts discovered in early tests that as a projectile

defeats prinary obstacles such as the Duralumin skin and internal braces, it

is likely to be tumbled and its impact against the armor plate is unlikely to

be nose-on. A considerable amount of experimental work during 1941 was based

on this fact. Various materials of varying thicknesses were set up at varying

distances from armor plate in attempts to find an optimum combination and

arrangement cf materials. It was eventually determined, however, that the

value of tiping screens or yaw plates is doubtful since the fuselage itself

and interior parts in line of flight of a projectile inpart sufficient yaw or

tumbling action.(l)

It may be readily seen, therefore, that at least five different types

of attack had to oe considered in the design and installation of armor in air-

craft. The five attAcks may be s:7arized as follows!

1." Impact by armor piercing projectiles striking the armor plate

at nor=al ( perpendicular to the surface of the plate).

2. Impact by armor piercing projectiles striking the armor At

oblique angles.

3. Impact by high explosive projectiles.

4. Impact. by projectiles yawed or tumbled by prior impact rn

the airframe skin or structural member.

( 5. Impact by fragments from exploded shells,

(1) libers in parenthesis pertain to references appended to this report,

4, W--.-"----- -- I
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T1. Tpes of Armor Plate Used in Aircraft

In a survey of the literature preparatory to an investigation of light

armor, the !7aval Research Laboratory in 1935 reviewed work reported in Japnn by

Horea :it 10 and 1933.(2) !-.da hkd reported thet of ;even non-ferrous materiala

investigated, the aluminum alloy, Duralumin, on the basis of weight for we'.,

offered gre-Atest resistance to perforation by standard (.25 caliber) Japarass

arimunition. Tests conducted at Watertcwn Arsenal, Aberdeen P:oviw; Ground and

the Naval Research Laboratory in the period of 1934 to 1941 showed that under

various conditions Duralumin exhibited resistance charactc tics comparable

with those of steel. In the work performed at the Naval Research Laboratory,

Dowmetal -was also used in conparison tests. Simultaneously there were conducted

many tests of face harcle.-ed and rolled homogeneous steel armcr of thi.-"esses

feasible for use in aircraft, but, generally, the results were of interest only

insofar as the'r served to answer some immediate problem. Laminated plastlts

were alsai :ested and found tc have merit under certain limited conditions.

In February 1943, the Watertown Arsenal Laboratory was authori:ed to

prepare a substantially informative report to give data usable in armor design.

In this task an attempt was made to collate, integrate and analyze available

data on the characteristics of the various armor plate materials. The reports

prepared by J. F. Sullivan, was published early in 1944.
(3 )

After a review of the data available, Sullivan narrowed his study to

face hard-3ned steel, rolled homogeneous steel (340-380 BHN), Duralunin and

Dowmetal. In his. final report, Sullivan reviewed how factors affecting the

manner of failure of armor explain the alternative superiority of different

materials under different conditions of attack. It was pointed out that W'sera

the lower density of a material allows its use in thicker sections without

additional weight, dimensional conditions arise favoring the ability of such

-3-



material to resist perforation. Thus Duralumin vhich is only 0.36 times as dense

as steol mnny cvermatch an attacking projectile vhile an equivalent weight of steel

may be overmatched by the same projectile. Under such conditions, it ii possible

that the steel will require lcsL p :ti.e energ, to bring abotit failure,

Figure 1 (copied from Sullivan's report) illubtratess (1) how a differenoo i'

thickness of different materials of equal weight results from their variant

densities, (2) the necessity of using a greater area of armor obliquely emplaced

to protect a fixed area normal to the line of fire and (3) how a vriation in

the ratio of plate thickness to projectile core diameter tends to influence

the manrer in which plate failure will occur.

Sullivan's observtions regardinG the relative merits of t" 'ferent

materials studied are quoted verbatim belcrT. The reader is remindod that the

report from Which the conclusions are quoted was prepared in late 1943. In view

of the fact that improvement of aircraft armor continued after this date, it is

possible that some of the observations may no longer hold true.

1. "Under no contemplated conditions will the use of roiled

homoge:%eus steel or Dowmetal assure the maximum resistance (to perforation

by small arms projectiles) per unit weight employed.*

a. *In general, when the obliquity of enplacement with

respect to the anticipated line of fire is greater than 520, o, when the

ratio of plate thickness (weighed) to projectile core diameter is lees

than 0.6, the use of 24ST Duralumin mill assure maximn resistnce (to

perforation by small arms projectiles) per unit weight employed.*

b. "Under all other conditions, the use of face hardened

steel armor will assure maximu resistarnco to perforation." (Sve Figure 2)

2. OUndor some conditions, the resistance (to shook) of rolled

homogeneous steel armor is superier to that of face hardened steel.*

-4-1
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3. "Except in the case of attack by direct impact of high

explosive projectiles, the shock resistance of 24ST Duralumin is equivalent

to or better than that of steel.*

4. "Coincident with failure by perforation of armor piercing

projectiles, 24ST Duralumin exhibits a tendency toward spalling."

5. "Low temperature enhances the resistance to perforation of

24ST Duralumin, rolled homogeheous steel and face hardened steel."

6. "Although low temperatures may affect deleteriously the shock

resistance of steel, they apparently do not lower the shock resistance of

Duralumin."

7. "Inasmuch as it is ccnsidered that resistance to perforation

is of prime importance L1 any consideration of aircraft armor, design

may well be based on observation 1.

8. "The most strategic place-ent of armor will vary from timu

to time with tactics of the opponents und contemporary design may be.zt

be decided on the basis of study of the very latest intelligence roports

from the theaters of operations.*

9. 'Under attack of projectiles of larger caliber, or different

design or quality, the region of superiority of 24ST Duralumin over face

hardened steel may be expected to be extended.'

It is apparent by now that the term 'aircraft armor" is a generic one

covering different types of steel armor plate as well as different types of non-

ferrous armor plate. A roview of the non-ferrous types is not within the scope

of this study, it being understood that a bimilar study of these types of armor

plate is currently being made by the Naval Research Laboratory.

At this point it may be well to mention why some special kinds of the

two main types of stebl armor receive no further mention in the report, Non-

-5..



magnetic steel armor, which falls under the homogeneous type , 's found to afford

so much lower resistance than magnetic steel armor that a review of ita ballistic

characteristics has boan considered to be of little value. Nrthetore, much

of the demand for non-riagnetic armor, once rnecessary, passed with more efficti-e

shielding of airoraft instruments. Likewise, although much work was done in

attempts to develop a laminated or "sandwich" kind of face hardened armor, in

-general on a basis of weight for weight, the ballistic qualities of bu.h aI-.or

were inferior to those of solid face hardened steel armor.

III. The Manufacture of Steel Armor

While certain cast steel armor sections are used on tanks, the

relatively lighter gauGes of aircraft armor precludes the use of castings for

this application. As far as is known, al! steel aircraft armor was and still

is processed by rolling, Details of te nanufaoturing processes of course fary

from conpany to conpany depending nore or less on the facil:ies availabe..

Both open hearth and electrio furnace melting practices have been used with

success,

Little information regarding steel rukdng and rolling practices is

found in published reports. Certaiu logical 9ts,'pticns can be made however.

Because clean steel is i:nperative, melting practices must be held under rigid

control fron selection of the scrap charge to tapping. Ingot mold desiga is

also an important factor affectirg soundness of the finished armor plate. Sines

the ability of steel armor to resist shock depends to some extent, on the absence

of directional properties, the manner in unich a plate is'rolled tAkes cn adled

impartance.

Cleanliness, soundness and lAck of directional properties are

prerequisites for high quality steel aircraft armor. The same clharacteristics
4

may also be prerequisil es for other products which still would rot be

-6-



interchangeable with armor. The distinctive features of armor plate ar4 inparted

to the steel by heat treating the rolled plates. Starting sone tine before Aforld

War II, the heat treatment of steels began to assume a more scientific aspect.

The accumulated knowledge of physical metallurgy was naturally applied to t

;roduction of steel aircraft armor during the war years. The experiments v.ith

refrigeration treatments to accomplish complete transformation of the face on

face hardened armor serves to illustrate the degree to which metallurgical science

was used. The use of the metallurgical microscope, micro-hardness testing equip-

ment, im act test machines a..! other laboratory tools to test and investigate the

results of heat treatment attests to the control exercised over the treating

processes.

It is in order to mention that the intense application of "etallurlical

science to the production of aircraft armor came about through complete cooper-

ation between the producers and various government agencies. The Armor and

Projectile Laboratory and Light Armor Battery at the Naval Proving Ground, Dahigren

Va., the Watertown Arsenal Laboratory and the Armor Branch of the Ordnance Reaearc'

Cen -r at the Aberdeen Proving Ground all contributed greatly to the JiroT7ant

of aircraft armor. Valuable assistance was also had from such laboratories as the

Battelle femorial Institute through projects conduotud by the Zar etallurgy Com-

mittee of the National Defense Research Council.

Much of the interest of the last named agency above was direoted tov:ard

development of low alloy steel armor in an effort to conserve strategic materials.

Mnile the results of such projects were not too fruitful where -teel aircraft

arm or was concerned, considerable knowledge concerning hardenabilit , heat triatine

A
and welding of steel armor in general was made available to armot prod- ers through

the projects.

-7-
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HOMOGENEOUS ARMOR

Fundamentals

I. The Effect of Hardness

The resistance of homogeneous armor to penetration by a projectile,

depends, of course, upon the plate's ability to absorb the kinetic energy of

the projectile. This energy is absorbed almost entirely by plastic flow of

the plate material, and homogeneous armor, therefore, diffars from face

hardened armor in that it is designed primarily to permit a maximum energy

absorption from plastic Plow of the plate material without necessarily any

deformation of the projectile, while the resistance of face hardened armor is

dependent primarily upon its ability to deform or break the projectile and the

absorption of energy by plastic flow is a secondary considGration.

This energy absorption by plastic flow is a fmction of both the

hardness and ductility of the homogeneous armor material. It must have a

relativaly high hardness, in order that tle plastic flow may occur at a high

energy level, and it must have a high ductility in order that plastic flow may

continue to large strains prior to fracture. This combination of high hardness

and high ductility is conmonly referred to as toughness and this attribute is

the prime requisite* for successful homoGeneous armor. All of the metallurgical

factors to be discussed in this part of the report and the research and develop-

ment work to be described and proposed are, therefore, primarily aimed at the

att.ainment of armor with optimum properties in respect to toughness.

Touthness,-hovever, as described above, involves a combination of

hardness and ductility and these two proporties are not entirely compatible, as

in general, the ductility tends to decrease as the hardness increases. Further;-

more, the plastic flow behavior and therefore the ductility is markudly affected

by external conditions such as the direction and magnitude of the applied



stresres, the rate of application of theee atresses and the te.ftrt're. TA,, ,

in order to maintain an idequate ductility to insure high energy abs::ptP>'. 1-

plastic flow, it may frequently be necessary to restrict the hardness rark~s t.

a value consistent with the particular set of external conditions which are

imposed.

This is illustrated by Figure 3 which depicts the ballistic prcp ti-.

of a single plate material, heat treated to a series of hardness values, and

tested under two different ballistic conditions.4) It will be noted that 'he

.50 caliber testing indicates an increasing resistance to penetration with

increasing hardness up to a certain limiting hardness, beyond which the !-ne-

tratlon resistance rather abruptly decreases. This is the characteriat.c

pattern of the relationship betw:een penetration resistance and hardnecs.

At hardness values below the limiting hardness, the behavwior 1

completely ductile; the plate material is simply pushed asideby the pro~ecti!e

and on complete penetration ordinarily no plate ratorial is lost. The energv

absorption is entirely by plastic flow and the penetration resistance is

dependent largely upon the stress level at which this plastic flow occurs

which is determi.ned by the hardness.

At hardness values which are above this limiting vlue, he, fever,

the behavior is no longer corpletely ductile. At these hig;her hardnesses the

"plastic flow is decidedly restricted and plate material may be lost by sralling

during % complete penetration. This limitation of the plastic flow results,

of course, in a lower energy absorption and the penetration resistance corres-

pondingly deareases.
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This limiting hardness for a given material and set cf testing

conditioni is known as the optimum hardness and represents, as just described,

a critical toughness value. E'urthermore, the ballistic performance at this

optimum hardness is primarily determined by the toughness of the plate ma-erial. f

This implies that homogeneouis armor improvement studies should be concerned

primarily with the factors governing toughness and that the results of such

studies can be quantitatively evaluated on the basis of ballistic testing at

optimum hardness for the given ballistic conditions with the assurance that

factors so evaluated will apply qualitatively to other ballistic conditions.

This viewpoint considerably sirplifies the planning and execution of such

studies.

I. Effect of Ballistic Conlitions

As mentioned abo-e. the apparent ductility is affected by the pattern

o^' the co;-1ined applied stresses, by the rate of application of those stresses

and by the temperature. The general effect of combined stresses is to decrease

the &d-tility or to decrease the maximum strength level for ductile behavior.

For evample, a material which behaves in a ductile manner in simple tension may

beha- in a brittle manner when a restraint is imposed in the transverse

dirc on so that it is subjected to biaxial tension.(b)

The pattern of tVe combined stresses applied to the armor is largely

det. aed by two factors& (1) The ratio of the thickness of the plato to the

die 3r or the projectile, (customarily designated as e/d) and (2) the obliquity

or .., anile of attack (custcmarily designated as 0). The ballistic behavior,

and the optimm hardness for maximum penetration resistance is markedly affected

by these factors. The general effect of decreasing the e/d ratio (increasing the

size of projectile attacking a given plate) is to decrease the apparent ductility

-10-



or to decrease the optimum hardness. The general magnitude of the effect o

optimun hardness is illustrated in Figure 4 taken from the work at the Naval

Proving Ground under Technical Project No. 79.(4)

The effect of increasing the obliquity is likewise to decrease the

ductility or optimum hardness. Thus, a much harder plate would be used to 4
resist a nornl attack than would be used for attacks at 30° to 400 obliquity.

This effect has not however been quantitatively evaluated to the same extent

as the eftect of the e/d ratio.

The general effect of increasing the rate of loading is also to

decrease the ductility. This is however, very difficult to evaluate as the

striking velocities are so closely interrelated -xith the other variables,

e/d and obliquity, that it is "ry lifficult to isolate the velocity effect

itself. This effect has nevertheless been used by the Naval Research Laboratory

to evaluate armor coupositions and metallurgical factors. The 4.R.L. test is

known as a "fingeor esi." and involves shootin- off a standard notched sample

or "finger" as in an Izod impact test but using a blunt projectile from a

.50 caliber gun to furnish the impact. The results are evaluated in terms

of the limit velocity required for complete fract)ure and it is found that

inferior materials fracture in a brittle zn,- a relatively low velocity

on this test.

Ductility is also decreased by lowering the temperature. In fact it

is now a co:mon practice to designate ductility in terms of the temperature at

which the fracture behavior changes from ductile to brittle on a notched impact

test. This furnishes an indication of the effect of temperature on duct.lity

under combined stresses and, while it cannot b- correlated directly with arni-

performance, it does furnish a much better comparative evaluation than the

room temperature impact values alone.

-11- I
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The effect of' ten.peratue on ballistic perfor.,iarice can beat be

"- .llustrted by the teats carried out at Canp Shilo, Ca.ada in January and

February of 1943. Ho,-o;aeous ar.or plute.a in thiclcieszoh of I", 1-1/2" s,, 2"

were cestod at %e-!p Shiloh at te.iperutures of fro. -150 to -350 F. !:any plaz

whiih perforned satisfactorily on room temporature tests, cracked cr sp',llcoi

on the 3pecification shnck tost at these lovier temperatures.

At this point it shcild be mentioned that since most of the

experimental work and acceptance tecting of aircraft armor has been based on

ballistic tests with arnor piercing projectiles at normal obliquity, nost of

the ballistic results quoted and referred to in this report are on this basis

although in service oblique atta3k or attacks with high explosive projectiles

are .uch more probable than this "ondition. With the view'point exproa sd in

the section on the effect o,' hardness in mind, hc-'ever, this is not as serious

as it might at first so^7.,. As pointed out in that section, the ballistio b3-

havior at opti.-, hardnic. is prir.nrily dependc.-n upon the toughness of t',

plate matcrial for a.y 6ivsn set cr ballistic conditions and the factors

gc;ernn toiighness can zhersforo be evaluated in terms Or ballistic propertie*

under the conditions of a nor.al attack with an ar,cr piercing projectile with

the assurance that the same factors will ,overn the behavior under oblique attack

or tttac'cs by high explosive projectiles. The cptimum hardness, to be sure,

w11 vary with the ballistic conditions 9nd it will. be obvious from thts zuLiary

that further work is needed to establish these optimum ranges f.r the various

ballistic conditions. The factors governing toughness, however, which are the

fundamental answers which will apply to the ballistic performance or houoen-

eou3 armor regardless of the ballistic cond~ti.-,.s can be satisfactorily

evaluated or the basis of these ballistia tests at opti-num hardness with armor

piercing projectiles o.! r.ormal obliquities and such an evaluation is the orinr y

aim .of homoloneous armor inprovement studies.

:i -12-



Metallurgical Factors

I. General

The p:incipal metallurgical factors affecting the performance of

homogeneous aircraft armor ares (1) microstructure, (2) heat treatment,

(3) composition and (4) homogeneity. These are all interrelated and their

effects are often difficult to isolate either in practice or in discussion.

For example, the choice of a composition involves consideration of its hard-

enability or its ability to give the desired microstructure, of its effect on

the tempering behavior aad on temper brittleness and finally of specific effects

of the carbon content and alloying elements. In addition, the "cleanliness"

or freedom from non-metallic inclusions may be influenced by the compositico.

Thus, all of the other variables, microstructure, heat treatment and homo-

geneity "ay be involved in the choice of a composition or in considering the

effects of composition. In general however, the primary variable is micro-

structure and the other factors may be considered as modifying the propertis

or the performance of steels of the optimum microstructure.

II. The Effect of Microstructure

A. Pure Microstructures - Tempered Vartensite, Bainite and Pearlite

The optimum microstructure for homogeneous armor is tempered martensite.

Its superiority has been established beyond doubt both on the basis of ballistic

performance and mechanical and impact properties. This is illustrated in

Figure 5 takenfrom the work of Queneau and Pellini at the Naval Provine Ground. ( e )

This shows the comparative impact properties as a function of the testing temper-

ature for the same steel, hcat treated to tempered martensite, bainite, as formed

at 600 ° F. and pearlite, fts formed at 11000 F. The tempered martensite ard bainite

- 1 3 - i
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are at essentially the same hardness (220 Brinell) and the pearlite i3 at a

somewhrat lower hardness (200 Brinell). The superiority of tempered martensite

is evidenced not only by its higher impact values at room temperature but by

its lower *transition temperature", that is, by its retention of ductility at

lcw temnrr:atures. ThiT superiority vould be expeoted to be reflected in

ballistic performance.

The inferior toughness of pearlitic microstructures has been so woll

established that such structures are never used for armor. Comparative tests

have, however, been made of lower bainite and tempered martensite. and generally

ver., little difference has been fcund in their ballistic performance. This is

illustrated in Figure 6 taken fro xork at the Naval Proving Ground.
(4) This

shows the ballistic performance es a function of hardness C,:.r plates of the

same composition, quenched and te-.esed to tempered martensite and austempered

to lower bainite. It is, however, important that this bai~rite be for.od at a

low te-perature, near that at which transformation to martensite begins, as ths

upper bainite microstruotures. formed at the higher temperatures, are distinctly

inferior.(7)

B. Uixed Microstructures

If the quenching rate is too slow or if the steel is lacking in

ha denability, the transformation to martensite on cooling will be preceded

by a prior transformation to higher temperuture transformation producls and

a mixed ,microstruGture will result.(8) These mixed microstructures will

slways have poorer properties than full tempered martensite and are therefore

• 6r.desirable.

The non-martensitio products in these mixed m.,irostructures may be

proeutectoid ferrite or earoide, upper banite or pearlite, and the properties

-epend upon both the nature and amount of theste products. In the opinion of

-14-
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the authors, in the hardness ranges usually used for ho-ogenecus aircraft armor,

pearlitse is the most harmful, upper bainite next and ferrite the least harmful

of these products. Most homogeneous armor compositions are hypc-eutectold so

that pro-euteotuid carbides will not usually be present but this constituent

is decidedly harmful, part!cularly if it occur! at the grain toun.daries. It

is likewise unusual to find pearlite as a constituent of t.ese structures in

the relatively high alloy compositions ordinarily used for homogeneous armor

since the transformation rates in the pearlite temperature range are generally

very slow in such alloy steels. The non-martensitio products in these steels

are therefore generally either ferrite or upper bainite.

The effects of these non-mirtensitic products have not been

quantitatively evaluated in term: of balliotin performance or ,Iech-nlcal

proportios as a 'unction of the p.;- ,ntage of the non-martencitic product

but their eoleterious effect in general has been established by .any tests.

The effezt of non-martensitio products en notch inp tt is illust-ated

by Fieure 7 taken from the work of Hollonon and Jaffe at i'(atertc.- Arsenul.
9

The inferior properties of the mixed microstructures are eridenced not only by

their lower i'pact values at room temperature but by their higher "transition

temperaturees that is, the tempered mArtensite retains its ductility to much

lower temperatures than do the mixed structures. The distinct inferiority of

the tempered martensite-pearlite mixture is also indicated by this illustration.

These inferior notch Lipact properties would presumably be reflected in inferior

ballistic performance.

These effects of non-martensitio products on mechanic*! and ballliti3

properties have beer. systematically investiated for the N.D.R.C. by Lorig and

Associates at Battelle as part of a study of the "Correlation of Ve6allcgraphio

' Structures and Hardness Limit in Armor PlateOS1 0 ) In +his work, 1/2% plates



0~~ 0

0 4.

0

0 
0 4\4

___ 
00Cq oI

0 o.

0s - - j A J u 0)W U

I _ _ 
_ _tS_7



were heat treated to various mixtures of tempered martensite, pearlite, upper

bainite -,nd ferrite and tested ballistically at watertown. The impact properties

of these plate!s as a function of hardness is shown in Figure 8. while their

ballistic properties are summarized in Figure 9. The full quench and temper

treatment resulted in essentially tempered nartensite and was in general superior

in impact and ballistic properties. The intercritical quench resulted in a

mixture of tempered martensite und ferrite and this mixture was only slightly

inferior in impact properties &Ad showed no inferiority in ballistic limit at

a given hardness but had a greater tendency to back spalling. The 10700 P,

isothermal treatment resulted in mixtures of teqpered martensite, ferrite and

fint. pearlite, and those structures which ccntained appreciable smounts of

pearlite were found to be decidedly inferior in both impact and ballistit pro-

perties. The 890 F. isothermal treatment resulted in a mixture of tempered

martansite and upper bainite and its impact and ballictic properties were

intermediate between those of the tempered martensite and those containing

pearlite.

The effect of microstructure is further illustrated by the results

of a thorough metallurgical examination of the plates which were tested at low

temperatures at Shilo, Canada. This examination was carried oi.t at Watertown

Arsenal.(11)

It was found in this study that the plates which spalled or failed

the chock test were characterized by a mixed microstructure of tempered marten-

site and high temperature transformation products (ferrite and upper bainite),

while the plates which were successful on these tests showed essentially rull

tempered martensitic structures. A typical microstructurm of a plate which

showed poor performance on this test is shown in Figure 10 while the tempered

martensitic structure of a typical successful plate is shvwn in Figure 11.
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The deleterious effect of grain boundary carbides was mentioned above.

This condition may occur in some or the higher carbon and alloy compositions if

improperly heat treated. The effects of this condition are illustrated in a

Watectown Report (12 which pointed out that carbides at the grain boundaries

(as revealed by the "urakami etch) tended to produce spalling and by a 'Taval

Proving Ground Report (13) which showed that a segregation of snall undis-

solved carbides in 1/4" homogeneous plates, resulting from improper heat

treatment, had resulted in a poor ballistic perform-nce against the 20:R H.E. /

projectile.

III. Effect of Inhcnogeneities

A. General

Homo.enecus aircraft armor should, ideally, be truly homogeneous,

as any inhonogeneities will decrease its effectiveness. The above discision

of the effects of -icrostructure has pointed out the general harmful effects

of inhomogeneois nicrostructurs such as mixtures of tempered martensite and

upper transformation products and the desirability of a uniform tempered

martensitic rncrostructure. In addition to this microstructural inhonogeneity,

inhomogeneiteos ssu h as laninations, non-metallic incliasions, segregation and

banding may be present in homogeneous armor. As a matter of fact, since seg-

regation invariably results during the solidification of ingots and since the

deoxidation of the steel invariably produces oxides which become non-metallic

inclusions, completely. homogeneous armor is impossible Furthermore, the

process of hot rolling changes the distribution of these inhomogeneities ad

thereby imp.arts directional properties to the plates and unless this is care-

fully controlled, an anisotropy of properties will result. Thus, a certain

amount of inhcnogeneity will always be present and the aim must be to min-1iize

these inhomobeneities and their harmful effects rather than to ecapletely

eliminate them,
-17-



B. The Effect8 of Laminations

The term lamination ordinarily refers to any separation which is

visible on the cross secticn to the unaided eye. The most common cause of

lamination of course is "piping" or insufficient cropping so that the

shriukage cavity remains in the plate. Laminations may also result from

Se7ere segregations of non-metallic inclusions or from "flaking". The effects

of non-metallio inclusions will be discussed in the next section. "Flakes"

which are internal cracks formed ordinarily during cooling from rolling are

fortunately rather infrequently encountered in aircraft armor since the plates

are generally relatively thin and the cooling stresses are low.

The effects of these actual separations or laminations would certainly

be quite serious but as indicated above, such draLstic inhomogenelties are in-

frequent and their effect in aircraft armor has not been quantitatively evaluated

in terms of ballistic performance.

C. The Effects of Non-Metallic Inclusions

In general, non-metallic inclusions tend to inore-se spalling and tD

lovier the optimim hardness for beat ballistic performance under a given set

of conditions. The magnitude of the effect, however, will vary with the

amount, the nature, the size and the distribution of the inclusion particles.

Plastio inclusions, which become elongated during rolling# are ordinarily more

harmful than the more refractory inclusions such-as alumina which tend to remain

in small disjoined particles. These latter types of inclusions my however be

quite harmful if they are in clusters which are lined up into *stringers*

during rolling.

A quantitative evaluation of the effect of non-metallic Inclusions

on bollistic performance is reported in a Naval Proving Ground Reo..ndum (14)

wh.ch will serve as an illustration of their effect. This memorandum reported

-18-



on an investigation of ballistic failures of light e.-or plate. The inclusion

contents of 1/4" plates were rated by measuring the total length of inclusions

over 1/2" in length at 200X magnification, measured along the center line of

ten fields each six inches square at this magnification. All samples were

longitudinal to the direction of rolling. Representative fields and their

count are shown in Figure 12. The correlation or this count with spalling

tendency as determined by the diameter of the exit hole is shown in Figure 13.

The correlation with ballistic performance on the 20Z-. H. E. shock test is

shown in Figure 14. It will be seen that the correlation is very good; the

"dirtier" steels showing markedly larger exit holes and lower resistance to

20m H. S. projectiles.

D. The Effect of Banding

The segregation of carbon and the alloying elements during solidi-

ficatlon and cooling of the inGot will be reoriented during tho hot working

process so that the final plates will shoe a -icro-sesregation or banding,

parallel to thq final rolling direction. The harful effe.t of this banding

results principally from the fact that some of these bands will have a low

carbon and alloy content and consequently a low hardenability. Therefore.

unless a sufficiently drastic quench is used to ins'ire full transformtrtion to

martensite in these low hardenability bands, high te-.;erature transformation

will occur in these bands and an undesirable oicrostruct re will result. If

the heat treatment in properly adjusted to i:sure trunsform-9tion to full

martonsits in these bands, however, banding will not creizartly be particularly

harmful.

-19-



RATING OF INCLUSIONS(DIRT. CHART) FOR 1/4 INCH LIGHT ARMOR

O4

DIRT COUNT S DIRT COUNT 113

. DIRT COUNT 8 DIRT COUNT 153

DIRT COUNT REPRESENTS THE EQUIVALENT -.

NUMBER OF i2 INCH INCLUSIONS FOUND N

10 FIELDS AT 20OX. PHOTOMICROGRAPHS AT

200X, UNETCHEO.

CONFIDENTIAL

MPG PHOTO NO. 1664 (AFL)
JUNE 16.1944

DIRT COUNT 22

7IGURE 12
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3. The Effect of Hot Working and the Direction of Rolling

As mentioned above, hot working results in a reorientation of the

inclusions and segregated areas so that the final plate may have rarked

directional properties dependent upon the relative amounts of hot !,:or g n

the transverse and longitudinal directions with respect to the oriZinal t.. ot.

Plates which have been "straightaway* rolled, that is, in which all of the

rolling has been parallel to the longitudinal direction of the original ingot,

exhibit marked differences in ductility in the transverse and lonrgiudinal

directions; the transver3e properties being distinctly infirior. Such plates

will show corresponding differences in ballistic performance depending upon

the relation between the angle of attack and the rolling direction. They

will also tend to split longitudinally under a high explosive impa:t and their

resistance to such an attac]6 will be low.

In order to offset these defects, plates should be cross rolled;

that is, the hot workinZ should include reductions in. both the loniit1ad.nal

and transverse directions and if possible the transverse ar.d longitudinal

reduction should be approximately equal in order to equalize the properties

in each direction. Vill limitations may often preclude the attainrent of

this ideal condition of fifty per cent of the reduction in eaoh direction#

however, but this should be approached as closely as possible within these

limitations.

Many cases of poor ballistic performance from insufficient cross

rolling have been noted, but the effect has uaot been systematically investi-

gated.

-20-



IV. The Effect of Heat Treatment

11 A. General

Since, as indicated above, the first requisite of gocd homogeneous armor

is a suitable microstruoture, the heat treatment must, first of all, be a-d at

the attainment of the desired microstructure. The usual heat treatment i " a

quench and temper treatment and the desired microstructure is full te-pered

martensite. In order to insure the attainment of the full rartensitic mlcro-

structure, the austenitising and quenching practice must be prop3rly plaaed

and carefully controlled, and, as will be discussed later, in order to insure

4 optimum properties, the tempering operation must likewise be planned with the

particular application of the plate in mind and must also be carefully controlled.

B. Austenitizing

In planning the austenitizing treatments first consideraticn :ust be

given to the attainment of full carbide solution and a homogeneous austenite

in order that full advantage may be taken mf the hardenability effects of the

alloying elements. The austenitizing teriperature and time must therefore b"

sufficient to accomplish this result but not so high as to res,-lt in a pro-

nounced grain growth. Some of the higher carbon, higher alloy 3teels may

require rather high temperatures of the nature of 1650-17500 F. to acco-pltsh

this result. Along with these higher temperatures goes a greater danger of

docarburization during the austenitization and this must be guurded against

by use of a protective atmosphere or other suitable protective measures.

The solution of carbides in heating for quenching may often ba

facilitated by a protrea.ent Qonsisting oi a normalize trom a relatively high

temperature which will insure complete solution of the carbides and their

precipitation as relatively fine particles which are mnre readily zoluble during

221



the final heating for quenching. This pretreatmnent is practically a necessity f

for the higher carbon, hiCh alloy materials and may or may not be necessary

for the lcwcr carbon and alloy compositions.

° x;,ne!e of the deleterious effects of incomplete carbide solution

are reported in a Watertown Arsenal Report
(1 5) and in a Naval Proving GrcurA

Memorandi. ( 1 3  The Watertown report showed that a retreatment of 1', 0.50o

carbon, high alloy plates markedly i:proved the ballistic performance. This

retreatment was primarily aimed at obtaining a complete solution of carbides

and included a preliminary high temperature normalizing treatment prior to

the quench.

The Naval Proving Ground .emorandum compared the ballistic properties

of 1/4m Viates of the same composition, heat treated by two different companies,

using different practices. The ballistic performance of the plates which were

normalized and quenched from the higher temperatures with resultant better

0carbide solution were markedly superior.

C. Quenching

The quench must first of all be rapid enough to obtain full marter.te

without prior transformation to higher temperature transformation prodwu-.s. The

choice of the quenching medium will'be determined by the ccposition of the

steel and the limitations in reGard to distortion and cracking. Oil quenching

is the most cord1on for the relatively high carbon and high alloy aterials

customarily used for aircraft armor. Some means of agitation, such as puips

or propellers, should be used to insure the necesnary rapid and uniform

quenching. Quench cracking is a serious problem in these materials and in

order tc niniise this tendency, plates should Ie quenched only to a tenprr-

alure low enough to insure essentially complete transformation to martensite

and should to tempered t.m.diately after quenching.



D. Hartemparing

An alternative quenching muthod which is helpful in reducing the

tendency to distortion and cracking is that of "riertempering". This procedure

invclves qi~nching into a salt or molten metal bath at a temperature near tha.

at which'transformation to martensite begins (the Us Temperature) holdlG

at this temperature ofe& encugh to eq'..lize the tomperature throughoc5 thc

plate and then air cooling to room temperature. Since the taneperattre !a

equalized throughout the piece and the :coling through the martensite t mper-

ature range is relatively slow, the formation of martensite is accompaniei

by much less stress than in the usual practice of quenching through this

temperature range, and the distortion and danger of cracking is thereby

greatly decreased. The method has the disadvantaCe of requiring steels of

somewhat higher hardenability than would be necessary for oil quenching

because of the lower cooling rates of the liquid baths at the martempering

temperatures.

No reports are available as to the ballistic perfcrmance cf plats

treated by this riethod, but the method haa bsen applied successfully to the

heat treatment of armor piercing projectiles a:id would seem to offer proM-se

as a method of heat treatment of armor.

I. Austempering

As mentioned earlier in this study, lower bainitic T.icrostructures

have properties which are generally similar to those of tempered mnrtensite

and likewise exhibit similar ballistic properties. Austompering to lower

b.inite, therefore, offers another alternative practice which mirimises

stresses, distortion and danger of crackin;. ie procedure involves que.rhing

to the austempering tempeiature, which chould be not more :han 1000 F. above

the It temperature, and holding at this temperat:ure. l¢ng enough to isasure

-23-



complete transformation to bainite. The plate may be quenched or air *,c" cd

from austesipering and may, if necessary, be tempered to the desired hardre.'s.

Austempering alao had the disadvantace of requiring a relatively hign hardena-

bility steel to prevent high temperature transfornation during the cooling, to

the uuste:apering temperature and the additional disadvantage that the aus-..e: Cr-

ing times for these relatively high hardenahility steels are usually qui.e Lorr

and the process is therefore tine consuming.

F. Tempering

The purpose of tepering is to relieve stresses and to increase

ductility. In general, as the temperinr temperature incrc.sos, the hardness

decreases and the steel becomes more ductile. Anomalous 1ehaviors may occur

during the te-,pering operation, however, so that this increase in iujcf.iity

is not always a continuous function of the tempering temperatures. In order

that the optimum properties of the quenched and tempered steels nay be attatned,

it is Lrp.-tant that the general nature of these anom-.ous bo'aviors b reolized

even though their mechanism may not be understood.

The first of these anomalous behaviors occurs on tempering in the

temperature range of Crom 500 to 7000 F. Most alloy steels -xhibit lower

ductility after tempering in this range than on temperinF at either hieh3r or

lower temperatures and this range should therefore be avoided.

I.any of the higher alloy stels, particularly those containing the

strong carbide forming elements such as molybdenum, vnadim-i or titanim,

exhibit the phenomenon known as secondary hardening. These steels may actually

increase in hardness on tempering in a certain temperature range, presum, bly

because of a delayed precipitation of fine alloy carbides, and a marked e-

brittlemen. occurs. This temperature rande will vary with the composition

but is usually betweeai 9(O vnd 1100 F. Good ductility ixll again be obto na.4

-24-
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on tempering at temperatures above this range. As a matter of fact, the

ductility of such steels when tompered to a given hardness at the high te, per-

at.res is generally superior to that of steels which do not contain these

cebide forming elements. This is apparently a reflection of the fact that

the tempering temperatures for a given hardness in steels of this type az,-

higher than in steels without the carbide forming elements.

A third anonalous behavior on tempering is the phenomenon kn'owm

as "temper brittleness". This is evidenced by a marked embrittlement

(usually revealed by notched impact tests) on slow cooling from tempering

temperatures of 11000 F. or above or on tempering in the range of temperatures

of from about 8500 to 10500 F. It is generally most pronounced on slow cooling

from about 11000 F. or on reheating -t about 910 to 1000 F. The suscepti-

bility to this phenomenon varies with composition. High manganese, chromium

and phosphorous contents increase the susceptibility and molybdenum tends

to decrease tho susceptibility. A comprehensive survey of the available

information on this subject is presented in a Watertown Arsenal Report.(13)

A review of this phenomenon and its relation to the heat treatment of ordnance

material is presented in another Watertown Arsenal Report.(17) A further

study of the phenomenon was carried out at the N1aval Proving Ground end has
(18)

been published as a paper for the American Society of Metals. This

embrittlement can be very serious in armor and the following preoautions

should be observed whenever possible to minimize its effect.

1. The compositiou should be designed to minimize the

susceptibility to temper brittleness.

2. Whenever possible, within the limitations of the hardness

requirements, temperinZ should be at temperatures above 11000 F. folowcd

4. by water quenching to room temperature.
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3. If it is necessary to temper in the range of 8500 to

.1)50 F. this tempering should generally involve the shortest holding

time -hich is practicable and should likewise be followed by water

q.aenching to room temperature.

The effect of temper brittleness on impact is illustrated in

Figure 15 taken from the vrork of Queneau and Pellini. It should be rioted

that not only is the room temporatire i'mpact value lowered by the ebrittle-

ment but that the t.--ansition temperature (the temperature of change from

ductile to brittle behavior) is markedly raised.

Some of these effects of the temperine temperatures are illustrated

by Figure 16 which is based on results of wiork at the NTaval Research Laboratory.

This curve shows the ballistic psrromance of five steels as a function of

the tempering temperatures. The "" value, which is the ordinate of this

curve, is an exprossion of the energy absorbed durint penetration at the limit

velocity (cal. .50 bullets vs. 1/2" plate at 0' obliquity) and the tempering

te:iperature is that which was used for cpti-nw hardness. Thus, both the

"PO value ard the ,mpering tenperature are representative of optimum per-

formance. Of the five steels used in this study, three were nickel-ohromiutm

composItions at .29, .Z6 and .48 carbon and two were chrome-moly-vanadium

-r-ositivs at .4q and .55 carbon. The lcwer tempering temperatures ap: y

to be nick.l-chro, ium steels and the higher temperatures to the chorc-

vanadilri steels, with the steels of higher carbon contents having the :h±,;er

tempering temperatures in each group. The trend toward better ballistic

perfornance with the hieher tempering temperatures is clearly indicated.

It is perhaps significant, however, Lhat the tempering temporatnres for -he

nickel-chroniunq Lteels are all within the temper brittleness reqne whi.e

those for the chroe-moly-vanadium steel are above this range. The resulIts
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do, nevertheless, indicate an effect of tempering temperature at temperatures

above that at which temper embrittlement would be expected to occur.

V. The Effecb of Composition

A. General

The predominant effect of miorostructure on the performance of

homogeneous armor has been emphasized throughout this review and, therefore,

the first requisite of a composition for homogeneous aircraft armor is a

sufficient hardenability to obtain the desired microstructure - usually

tedpered martensite. This hardenability is determined largely by the alloy

content. The alloying elements which are most useful for this purpose in

the general order of their effectiveness are molybdenum, chromium, mangancse

and nickel. Armor steels will necessarily contain one or more of these alloying

elements and since it has been found that smaller amounts of several elements

are more effective than a large ar.ount of a single element, they will usually

be used in coriaination.

Although hardenability is the prime requisite, there are also secondary

effects which must be taken into account in choosing a composition. These include

a possible specific effect of carbon content, the effect of tempering temperature

and the effect of alloys on the tempering behavior, and finally, the effect of

the composition on the susceptibility to temper brittleness.

The prerequisites of a composition for homogeneous armor may be

sunmarized as follows:

1. A sufficient hardenability to obtain a microstruoture of

tempered martensite or low. r bainite under the heat treatment oond tions

to be applied.

-27-
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2. An alloy content such that the susceptibility to temper

brittleness is minimized. This. in general, implies the lowest alloy

conter.t whiR is consistent with the requisite hardonability, together

with the use of sufficient molybdenum (generally at least 0.25%) to

minimize the susceptibility. In general, the manganese, phosphorus

aid chromium contents should be held low unless their effect is offtet

by the use of a sufficiently high molybdenum content.

3. An alloy content such that the temper ing temperature for

the optimum hardness for the given ballistic conditions is relatively

high (preferably 11000 F. or above). This implies the use of the strong

carbide forming elements such as molybdenum or vanadium. This is advant-

ageous in decreusing temper embrittlement as well as in respect to the

inherent advantuges of the higher tempering temperatures.

4. A relatively high carbon content (.45% and above). There

is considerable eidence cf an intrinsic advantage of the higher cr-rbon

compositions.

S. The Efoct of Carbon Content

The factors mentioned above, hardenability, tempering temperature

and temper brittleness have all been discussed earlier in this study. Work

at the Naval Proving Ground and also at the Naval Research Laboratory has,

however, indicated a possible apecifio effect of carbon content. The Naval

Proving Ground results will be cited as illustrative of this effect. These

results are presented graphically in Figure 17 as a plot of the ballistic

limit of 1/2* plate against .50 caliber projectiles versue the carbon content

for steels of four different base compositions. Tho 52100 steel in this plot

was somewhat lacking in hardenability so that it probably does not represent

optimum ballistic properties at this carbon content.
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Although this correlation with carbon content is good, it should be

pointed out that the tempering temperature for a given hardness likewise in-

creases with the carbon content and this apparent effect of carbon content

may, therefore, be only a reflection of the tempering temperature effect.

It is also perhaps significant that the nickel-chrome steels are known 4o

be susceptible to temper brittleness and were tempered in the temper em-

brittlement temperature range.

C. The Cooperative Homogeneous Aircraft Armor Development Program

A very comprehensive study of the effects of composition was carried

on during 1942 and 1943. Heats of seven different basic compositions were

prepared by five different manufacturers and rolled to 5/16*, 3/8" and 7/8

plates. These plates were distributed to seven different compani.s for heat

treatment. Ballistic testing was carried out in duplicate at Aberdeen and

the Naval Proving Grounds. Ballistic tests included .30 cal.ber A.P. M2 at 0'

and 300 obliquity, .50 caliber A.P. M9 at 00 and 300 obliquity, 20nm H. E.

at 20 and 37mm T.P. M51 at 00, although not all plates .:ere tested under

all conditions.

Code No. C Un S P Si Ni Cr

AA1 .46 .53 .012 .014 .23 -- 1.16 .20 V

AA2 .36 .24 .015 .015 .24 3.13 1.17

AA .35 .50 .001 .013 .23 2.33 -. .91 Cu

A4 .29 1.05 .020 .011 .33 1.05 .14 .27 Cb

MU5 .35 *52 .007 .013 .20 3.50 --

AA6 .39 .60 .011 .012 .17 -- 1.16

AA .48 .27 .017 .013 .28 3.04 1.32

Y
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The results at both proving grounds indicated a decided superiority

for analysis AA1. The other compositions fell into approximately the following

order of decreasing merit - AA7, AA6, AAS, AA5, AA2 :nd AA4, although there

were individual differences among the various testing conditions and also in

iome cases between the tests at Aberdeen and those at Dahlgren. The perf')rmance

of AA4 was consistently the poorest, however, under most of the testing u;rnditions

and at both proving grounds. Complete reports of these results are aontained

in the Naval Proving Ground Report No. 11-43 (19) and several Aberdeen Proving

Ground Reports.(20) (21) (22)

The results of these tests are in general accord with the factors

governing the choice of composition as discussed above. The poor performance

of AA4 apparently reflected both a lcwy hardenability and a low carbon content.

The other plates all seemed to have sufficient hardenability ;with the possible

exception of some of the 7/8" plates and the performance can in general be

correlated with either the carbon content or the tempering temperature for

optimuw. hardness. It was pointed out in the Naval Proving Ground report that

the ballistic perforance of armor currently being furnished by one manufactura

was superior to the results of composition AAl on this test. This presumably

reflected the higher carbon content (..O% to .60% C) of the then current

production armor.

VI. Recom-endations for FAture Resarch and Development

A. The Effect of Hardness and Ballistic Variables

1. A conprehensive program is currently being carried out jointly

by Aberdeen and Watertewn Arsenal. This work should be continued and its

result. coordinated with the results of studies of the metallur6toal eaoLcrs.
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B. Microstructure

1. Further studies aimed at the quantitative evaluation of the effects

of upper bainite, ferrite and pearlite on the properties and ballistic performance

of tempred nartensite. Such work would serve to evaluate the permissible de-

viations from optimum nicrostructures and would permit an intelligent evaluatlon

of the minimum hardenability requirements and alloy contents for tht! service.

2. Similar studies of the effects of undissolved carbides.

C. Heat Treatment

1. In the interest of production and alloy conservation, develop

water quenching practices which would permit rapid quenching and still miiniiize

the danger of distortion and quench cracking.

2. Develop and evaluate techniques for rapid tempering in order to

minimize temper brittleness.

3. Compare tae ballistic performance of martempered and quenched

and tempered plates.

D. Homogeneity

1. Studies aimed at a further evaluation of the effects of the

types, amounts and distribution of non-metallic inclusions.

2. A further quantitative evaluation of the effects of the degree

and the directions of hot working in order to establish limitations which

are consistent with an economical commercial practice.

E. Composition

1. Further basic studies of the effects of the alloying elements

on full martensite hardenability.

2. Further evaluation of the effect of' carbon content. The relative

role played by the carbon content itself and the corollary effect of temperinS

temperatures should be definitely established.
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3. Studies of the effects of the alloying elements on the tempering

behavior together with studies of the embrittling effect of "secondary hardening'.

4. Basic studies of the factors involved in temper brittleness

including further evaluation of the effects Of alloying elements in this

behavior.

5. Development of compositions which can be water quenched without

a serious sacrifice of ballistic performance and without serious quench cracking

or distortion.
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PART 3

FAC9HA RDENED ARJ CR



FACE IARDENED ARK'OR

I. The Purrose of Face Hardened Armor

In contrast to homogeneous armor, where the resistance to penetration

by pcojectiles depends principally on the ability of the armor to absorb th,

kinetic energy of the projectile, race hardened armor is designed to resist

penetration principally by dissipatin g the projectile's energy through de-

formation or destruction of the projectile itself. Although high hardness

homogeneous light armor has been used at times to attain the same end, the

concept of an optimum hardness for homogeneous armor, explained earlier, nakes

the limited application of such armor readily understood. Face hardened armor

therefore may be seen as a combination structure. It has a high race hardness

to deform the attack-ag projectile and a softer more ductile back to support

the face material. IThen face hardened armor cannot cause the projectile to

deform, it irmediately becomes interior to optimlzm quality homogeneo-s arnor

since the full energy of the projectile must be absorbed by the armor which

because of low ductility in the face portion can absorb little energy by

plastic flow.

11. Metallurgical Factors

A. The Hardness Pattern

From the foregoing, it is apparent that three important variables in

faoe hardened armor are the face hardness, the back hardness and consequently

the gradient between the face and back. A considerable amount of investigation

and experimental uork on each of these factors vas reported during and i-med-

lately after World War II. The reported results for each individual factor

will be discussed separately.
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1. Face Hardness

Although face hardened light armor had been made by various manu-

facturers for years, it is evident that the relationship bptween ballistic performance

versus arnor piercing projectiles and face hardness may not have been recognized

befcre 1938 or understood too well before 1942. In 1938, the Haval Research Labor-

atory while commenting on tests reported by Watertown Arsenal ( 2 3 ) and confirmed at

the Naval Research Laboratory stated that the ability of 1/4" face hardened plate

to break caliber .30 ar:aor piercing cores was noteworthy.( 24 ) Also in 1938,

Watertown Arsenal reported on an investigation of thirty-one face hardened plates

which had accumulated over the period of years from 1922 to 1938.(2 5 ) One of the

conclusions reported was that plates which passed specification had an average

face hardness of 542 Brinell while failed plates had an average faoe hardness of

465 Brinell.

The plates studied in the early investigations mentioned above were

carburized plates as were All cG.m .ercially furnished face hardened liCht armor

plates of the tine. Investigations of other methods of producing face harde .ed

armor were going on, however, and consequently when the demand for light armor ror

aircraft increased with the outbreak of World War II at least one company ctarte4

furnishing nitrided plates. The face hardness of the nitrided armor and carburized

arvor supplied during the period from 1938 to 1941 was usually high (600 BHN and

higher) and the ballistic limits were fairly consistent.

In 1941 and 1942, several fir-s inexperienced in the manufacture

of light armor qualified to produce this material by still another method known

as the Pluraaelt process. Production difficulties in the form of ballistic fail-

urea soon beset two of the companies furnishing aircraft armor t, the Navy Depart-

ment, however, and the Armor and Projectile Laboratory at the Faval Proving Ground,

Dahlgreu, Va. was requested to inventigate the material.(26)
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A wide variation in penetration resistance shcwn by test plates or the

new material sas noted. In an effort to determine the cause or causes of the -ide

variation. eih:-hteen 1/2" plates were selected for investigation. Hine were "A" Con-

pany plates *.izh had failed to pass the ballistic test, five were "A" Co-tpsn'r plates

which had passed and four were "B" Company plates which had passed. Upon 4.- vest-

gation it --as found that whereas the acceptable plates had a niniu n face hqrduess

of 555 B.n, ncne of the plates that failed had a face hardness as high as 555 BRA.

Three of the failed plates were retreated at the Laboratory and subjected to further

ballistic testing. The hardness and ballistic test results before and after re-

tre'itnent are shown below.

_-R:;ESS AiND PALLISTIC TEST RESULTS C' THREE PLATES RETRFATED AT
ARMOR AND PROJECTILE LABORATORY

Ballistic Li-'it vs.
Brinell Hardness .60 Cal. AP at Nornal

Pie.re No. Condition Face Back (foot seconds)

3 Original 512 460 1930 failed

3 Retreated G0 430 2330 passed

5 Oririnal 532 387 2020 railed

5 Retreated 600 418 2170 passed

9 Original 532 378 1800 failed

9 Retreatea 555 375 2170 passed

Further investigation of plates submitted by the tso new light

armor manufa-turers indicated that the low surface hardness which was blamed for

te high percentage of ballistic failures was caused by inadequate heat treatment

and/or surface decarburization. The plates retreated by the Laboratory to pass

the ballietic test merely showed the benefits to be gained by prcper heat treat-

ment. ,-e :rosence of varying depths(.007" to .030*) of surface decarburization

was notea i a further investigation to evaluate the effect of decarburizatlu.

was insuL':rated. .
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In a report(27) dated June 30, 1943, the Naval Proving Greund

disclosed their findings concerning the effect of surface decarburization and

further confirmed their earlier theories on face hardness. By careful testing

and investigation they had determined that a face hardness of 600 BHN is suffi-

cient to fracture the core of the .50 caliber A.P. M2 projectile. A corre1L tlon

with the "Knoop" microhardness of the surface layer was equally good. Fron a

large nuber of plates tested, it was found that if a 1/2" plate has a "Knoop"

hard.ners less than MO at a depth of .010" the plate will probably fail the

.50 caliber test specified in Navy Department, Bureau of Ordnance Specification

Number 2775.

W'hile the foregoing statenents regarding minimum Brinell hardness

cn the face and iainin't "Knoop" microhardnoss at a depth of 0.010* at first

appear inconsistent, an understanding of the extent and effect of decarburi-

zation clarifies the apparent contradiction. Surface preparation for a

Brin ll tast involves removal of a surface layer to obtain a clean flat sur-

face for the Brinoll ball impression. The surface layer re,:L'red contains all

or at least the worst part of the decarburized portion of the plate cros

section. Thus, the minimum 600 BHN face hardness is not found on the face

but r'ther at a slight depth under the face. The material between the actual

faie und the plane of the Brinell test impression, being decarburized, is

softer. The minimum of 540 "Knnop" at a depth of 0.010* therefore defines

the allowable depth of ddcarburization.

During the investigation reported in N.P.G. Report No. 12-43,

It was found that the ballistic lmit of 1/20 plateb vs. .60 caliber A.P. M2

projestiles could be raises by as much as 800 ft./e.o by grinding off the

soft decarburized surface layer. For instance, plate NB45RR had a limit of

1206 ft./see. Ps received for acceptance testing, but on Crinding the face
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to a depth of 0.048", the plate limit was raised to 2033 ft./sec. The hardness

distribution curve of the plate is shown in Figure 18 where it will be seen

that *he surface hardness was increased from 400 to over 600 *Knoop" by the

remova. or the decarburized layer. When the decarburized layer was removed

by grinding, the bullet core fractured into many small pieces even on com-

plete penetration and a clean punching was removed from the -ack of the plate.

Typical cores and fragments of .50 caliber bullets fired at ground and un-

ground areas of decarburised plates as shown in Figure 19.

The necessity for a minimum hardness on the face to break

hardened steel projectile cores thus has been well established. The earliest

suggestion that perhaps there is an optimum face hardness is found in a Naval

Proving Ground LVemorandu= Report.28 ) The report concerns an investigation of

two 1/2" thick plates which had spa!led excessively on ballistic testing. The

conclusion of the report are as follows:

"The c-use of face spalling on the subject plates was

foand to be due to an excessive hardness pradient between the face

and the back of the plates. This hardness condition, probably due

to an insufficient time at the original draw temperature, was con-

siderably improved by reheat treatment. On a second ball13t.c test,

the resistance to cpalling on one plate was found to be markedly

improved and spalling :':as entirely eliminated on the other. It is

also to be noted that when the face spalling condition was eli-nin-

ated, the ballistic limit was increased somewhat."

Figures 20 and 21 show hardness patterns of the tw:o plates

investigated before and after reheat treating. It seens significant that the

ballistic limit of plate G70-5-38R was increased SO f.s. by retreating and the

peak hardness of the retreated plate was 50 "Khoop" lower than the original
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peak hardness. Likewise, plate G70-5-31R had a ballistic limit 28 f.s. higher

after lowering the peak hardness. Incidentally, it may also be noted that tho

depth of 0.,ce of the reheat treated plate .Axs greater than the ori-I:.a depth

in one case and less then the original depth in the other case. The improve-

mont in ballistic performance therefore must be due to the lower face hardness.

A Watortoxn Arsenal investigator in a report dated March 1, 1945(20

was parhRps more forthright in sujgestine that there is an optitum fa'ice hardness.

In discuzsinC the hardness characteristics of plates under investigation he

saida

"It is felt that the hardness (800 VPN) of the h-a.vier

gaure plates is somewhat higher than is desirable in face hardened

ar aor. The hardnezs of' the case should be at the minimum necessary

to shtter projectiles.".

Further 3upport of the theory of an optimum face hardness may

be found in results of shock tasta on f.Ace hardened light armor. Tests reported

by the "naval Proving Ground (30 ) have shown that the resistance to shock of

20mm H.E. projectile3 at 200 obliquityI was impaired by subjecting a nr.? er of

z/8" and 1/2* plates to a refrigeration treatment following the regular treat-

ment. Since the refrigeration treat.-'ent will be discussed in more detail later

it will suffice here to explain that the purpose of such treatment w.As to raise

the f-eae hardness. It is evident from the results of these tests that the

optiiu. fae hardneb3 for shock resistance is the same as the optimum face hard-

ness for resistance to penetration of armor piercing projectile cores. The fct

that an unusual a.mount of spalling occurs on excessively hard face plates may

posibly give sone indication of the .-.echenism of failure.



Since the hardness and metallurdical characteristics of armor

piercing projectiles may tend to change with each successively larger size so ina

the charactarl3tiOs of the armor face change with increasing plate thickness. It

is therefcre suggested that further studies to establish the minimun and optnu-

face hardness for each of the cormon thicknesses of aircraft armor be conside'ed.

2. Depth of Face

Although there is evidence to indicate that there hai been

numerous attempts to determine the effect of depth of face prior to the

World War II period, it is apparent that many such attempts were made with the

immediate objective of findin. - material to meet a certain test condition. A

general lack of knowledge of the relative importanee of each of the variables

in face hardened armor and the lack of a slngle criterion for determining the

depth of face prevented iaolation of the effect of depth of face in the early

attempts.

At the start of "iorld War II, hardness re'dings on the fa:e end

back of face hardened armor were reported but still there was no n'ention of

depth of face. It was realized by this time, however, that a mininum decth o'

face was necessary. Various experiments wherein a shallow hardness was inparted

to the surface of armor by chromium plating, nitriding or spraying retal had

established that point. In general it was believed that the face layer should

be fairly deep. This belief likely was based on the fact that heavy face hard-

ened naval armor usually had approximately a 40% chill depth and also the fact

that the most successful face hardened light armor had been processed by car-

buriuing the face to a depth of 30% to 40%.

IMeasurement of the case depth on etched speoimenp or fracture

specimens was a fairly rough estimate at best. Attempts to measur9 the case

depth by analysing successive thin layers for carbon content and notin; the
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depth at which the ladle carbon content was found also resulted in rough estimates.

As abrasive disc cutting machines and small impression hardness testing machines

came into more general use, cross section hardness surveys of face hardened light

armor %.ire relatively easy to obtain. Arbitrary selection of a hardness level t'.

define depth of face was the next logical step. The Naval Proving Ground Labora-

tory, in the belief that the effective part of the face on light armor was that

with a hardness above 540 "Knoop" (approximately 500 Brinell) established that

value as a criterion for measuring the depth of face. They also contended that

this depth could be accurately detentined because of the steep hardness gradient

at 540 Knoop. Metallurgical investigation reports published by the Watertown

Arsenal Laboratory in 1944 and 1945 referred to 550 VPN as the criterion for

determining the depth of face. This value is consistent ith the value ado'pted

by the Naval Proving Ground.

It is believed that the most important work in isolating the effect

of depth of face was done during 1943 and the years following. Armor produc6i by

the "Pluramelt" process was used for the investigation. In this process a 221

layer of high carbon alloy steel Is deposited by an electric- arc on a base mretal

slab of a low carbon steel of similar alloy content. The composite slab i.s Lhen

rolled to the required plate gauge. A wide variation in the ratio of face to

back was obtained for the experiments by varying the thickness of the slab on

whih the 2* layer of high carbon steel was deposited. Untreated plates of 3/8"
,

1/2", 5/8U and 7/8 w were procured for the experiments. Following Mat treatlng

by the Armor and Projectile Laboratory at the Naval Proving Ground the plates

were subjected to various ballistic tests.

Results of the ballistic tests and .netallurgioal investigations

of representative samples of the Pluramelt plates used in the depth of face

experiments were reported in detil by the Naval Proving Ground.(31) (az)
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Figures 22, 23 and 24 from the later proving ground report illustrate the effect

of depth of face under various test conditioni. Both the standard "Navy Limits"

and "Statistical Limits" wore compted and plotted for the heavier plates. The

"Statistical Limit" method of corxutation is based on the overall average per-

formwice of a given plate considering all projectile impacts made against the

plate, whereas, the standard "Navy Limit" used as a basis f.: acceptance tosi1

of production light armor plate is dependent upon the single lowest complete

projectile penetration obtained on the plate.

It will be noted in Figure 22 that the curve for 3/8" material

is rather well defined. On the other hand there is a lack of certainty in the

shape of the curve and in the location of the maximum in the curve for 1/20

material. In fact, the proving groand reported that there was so-ne evidence

that the curve is not a continuous function. The plates with a large percent

of face failed with large buttons being thrown from the back of the plate in-

stead of failing with clean punchings as is usual for plates of lower percent

race. rhe change in the mechanism of plate failure probably causes an abrupt

break in limit velocity.

Although comparison of Figure 23 with Figure 24 shows a higher

optimum range for the 7/8" plates (32% to 42%) than for the 5/80 plates (below

30%), it should be noted that different type projectiles were used for the

two different gauges, that is, 20mm A. P. 195 for 5/8e and 20 A. P. M75 for
the 7/8". Hence the relationship observed on the 3/8", 1/2 and 5/8" plates

vs. caliber .50 A. P. M!2 prolectiles, that as the gauge is increased, the

optimm percept face increases, cannot be strictly interpreted from Figures 23

and 24 because of the differences in weight of the projectiles used. The change

from the lighter 20= A. P. M95 projectiles to the heavier ?75 projectiles was

found necessary in order to penetrate o#mpletely the heavier 7/8" plates.
-41-
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It is interosting to note that shock tests with 20,.= high explosive

projectiles at 200 obliquity wore also conducted on the 3/8 and 1/2' material !n

the depth of face experiments. The results of the shook tests were not quite as

clear cut as the results of the penetration tests. All. 1/2'Z plates excepting one

passed the shock test specified under Ord~nnce Standard 2775-1. (It was br,1eved

that the one exception failed because of an Irregularity). On 3/8" plates, '.ow-

ever, failures by the terns of the specification occurred on all plates with 5G4

face. Failure by shock of a burst of .50 caliber armor piercine prceot-les at

high velocity occurred on practically all 3/8" plates with 30o or rore face.

An interesting and important uo.parison of the effect of depth of

face on carburized armor vs. Pluramelt armor is shown in Figure 25. The data

for various depths of carburized face (as determined by 540 Knoop cortrilon)

was found in Naval Proving Ground memoranda concerning investigations of car-
(3)(34)

burized plates. hAile the data overlaps in only a narrow range, the

fact that the slopes of the curves appear to be practically the sse:n indicates

that a good correlation exists.

The fact that a good correlation Letween depth of face and limit

velocity exists would seem to be very significant and wiorthy of extensive develop-

ment. The effect of changes in e/d ratio on the relationship has not been

mentioned although it is apparent that there may also be found a good correlation

with that factor. The change in the mechanism of failure noted by the Naval

Proving Ground seems very significant and should be considered in planning f,.Ure

investigations of the effect of depth of face.

3. Back Hardness

Lack of understanding of the effects of fuce hardness and depth

of face until recent years naturally resulted in a lack of rigid control of there

variables. Without rigid control of face hardness and depth of face, the efteoWt
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of back hardness could not be completely isolated. It has been noted by the _&aval

Proving Ground, however, that the effect of tack hardness on penetration res'.C'nuce

may be so strong that it may be observed even without control of the other variables.

In a ztatistioal s tudy of a group of acceptance test plates submitted fcr ball..

test in 1942, the following correlation was found.

Back Hardness, BHN Percen+ Failures

400 - 600 8%

360 - 400 14%

300- 360 50%

The above correlation apparently points toward a high back ha:dness. On

the other hand, numberous reports of investigations of brittle failures have

attributed the failures to too high back hardness. In dis.ussing the resulti of'

the depth of face experiments on 3/8" plates, the Naval Proving Grourd ¢,o.a.edl
( K )

"Plate G8B with 28% face failed the 20-n shock test. No

cause could be seen for the failure of this plate except that the bavi

hardness of the 3/8" plates may be too high for this rauge. T.es back

hardness of all 3/8" plates was above 450 Knoop and even above 5CO in

one case. It would seem that for optimum ballistic properties or 5/8

face hardened armor against caliber .-0 A.P. M2 bullets or 20m. H.E.,

the depth of face and the back hardness should both be less than for

1/2" plates agairst the same projectiles,

The suggestion that the back hardness should change with chan;es ia the

depth of face and e/d ratio is an important one. As far as is known., the inter-

relation of these functions has not been explored. While the most recent

renemendation of the Naval Proving Ground is to furnish a back h3rd:ieas of 400

to 450 B121, it is conceivable that an improvement in average perforr.&.nre may rubult

from a ncre restricted working range wholly within or overlapping ei ;.er end of the

recommended range, depending on the combination of test conditions to be met.
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B. Microstructure, Heat Treatment, Composition szd HomoGeneity
The general comments regarding the ,iaotallurg.cal factors (1) micro--

structure, (2) heat treatment, (3) composition and (4) homogeneity presented

earlier in this study (see pages 30 and 31) apply with equal importance to face

hardened light armor. As these factors were shovm to 'e interrelated in t'l'ir

effects on homogeneous armor, so too are they interre!i-ted in their effects in

face hardened armor. However, bocause face hardened i:or is nore complex in

its nature, due to the hardness pattern, it is essential that more rigid colntrol

of the metallurgical variables be maintained.

The high hardness required makes it necessar-. to have a homogeneous

tempered martensitic structure in the face portion of face hardened armor. It

has been found that the presence of retained austenite in the face (which waj

not unusual on production armor) lowers the frace hardness and therefore ad-versely

affects the limit velocity of the plate.

Experimental refrigeration of plates at dry ize temperatures to

transform retained austenite to martensite has increased limit velocities by

as much as 200 ft./seo. The hardness patterns of a I/20 plate b-Core and after

refrigeration is shown in Figure 26. This illustraticn, taken from a Naval

Proving Ground letter report ( 34 ) shows that the maxir : hardners was increased

100 Knoop by refrigerating at -78° C. for 12 hours foliowing the standard ail

quenching treatmrent.

Investigation at Dahlgren, Va. and at the *7 ertown Arsenal Laboratory

have disclosed that face spalling may be attributed to ndissolved carbides ( 35 )

and in some eases to the presence of carbides In the Train boundarkus.(48)

When the 20mm f. 3. shock test was introduce! in armor specifica,icuIs

many plate failures occurred. Upon Iiivesti~ation the :resence of proeutectoid

ferrite in the back was n;;ted (Firure 27). Here again was evidence that a mnxn-A
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M'PG PHOTO NO. 1901 (APL) -CONFIDENTIAL - 15 Septembe r 1944

gardened Ligh Armor Fa e-

Structure: Proeutectoid ferrite in a matrix
of low carbon tempered martensite.
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microstructure does not have the efficiency of tempered martensite. Watertown

Arsenal noted the presence of ferrite in the back of low alloy face hardened

armor compositions and attributed inferior shock resistance of the arnor to the

poor m.orostructure. The superiority of a homogeneous tempered martensite micro-

structure in the back of face hardened armor thorefore has been well established.

The heat treating practices employed by various manufacturers of face

hardened light armor did not vary greatly from firm to firm. In general. heat

treatment consisted of a single quenching treatment followed by a low temper-

ature drawback. Individual variations depended on the method employed to alter

the composition and hardness of the face portion.

Carburizing, of course, had been the only method used in production of

face hardened light armor for many years. A serious disadvantage of pack carbh.-

izing was the resultant high carbon content of the face v hich made it difficult

to prevent the retention of austenite on heat treating. Attempts to minimize

retention of austenite by quenching from a lower temperature usually resulled

ir. undissolved carbides in the face and proeutectoid ferrite in the back. T-o

possible methods of overcoming the handicap of the high carbon content were

developed during the World War II period. The first method was to diffuse the

carbon by high temperature lone time homogenizing treatments; such as holding

for 24 hours in a salt bath at 16000 F. and air cooling before the standard

quenching and tempering treatment. The alternate method -eas to transform re-

tained austenite by refrieeration.

Plates made by the Pluramelt process did not have the extremely high

carbon content on the face but on the other hand were generally found to be de-.

carburized at the face. The lover carbon content of the decarburised surfauce

layer made it necessary to resort to water quenching to insure obtaining the

required face hardness in many cases.
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Notavithstanding the excepticne noted above, the hordening treatment on

.most face hardened armor was as follows:

160/15? & F. for 1 to 1-1/2 hours

Oil quenched

3000 F. for 1 hour

Water quenched cold

Since the predoninant effect of microstructure had been emphasized

throughout the.references mentioned above it was to be expected that a review

of the compositions utilized for face hardened armor would show that they had

been designed to obtain the desired microstructure - tempered martensite. In

general this was a fact. The nickel-molybdenum composition used for carburized

light arnor before-the water continued in favor. Conservation of strategic

materisls during the war pericd resulted in a slitht lewering of the nickel

content but numerous referenceq attest to the fact that the altered compsition.

had sufficient hardenability tc produce a martensitic structure in section3 &a

heavy as 1/2". Inestigaticns at Dahlgren showed that the nickel ocntent s. uld

be raised to 4 to 5j. for plates of 5/8" and 7/8" thickness. Occasionally,

small percentages of chronitn were added to this compositicn.

The makers of Plura.'elt after unsuccessful experiments with a high

chrom"t. face composition also adopted a 3-1/2 to 49 nickel - 0.40% molybdenum

analysis. References to the use o' a chromiu -molybdenm-vanadi' coM.po31ti

for carburised armor were noted but little data on miorostructure and proper-.

ties of this analysis were found.

Considerable work on the development of low alloy NE steels fo- face

hardened armor was performed by or under the direction of Watertown Arsenal

Laboratory personnel during the war years. Some degree of succesp was ob-

taiaed in making 3/8e face hardined armor of the NE composition but ir. the
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overall program the NE steels suffered in comparison with plates of a 4r Ni-
, - (29)

0.15/0.20 Cr - 0.25/0.Z0 Mo composition.()

There is little ractual evidence to show ths effest f inhomcgeneidles

in face htrdned armor. Nevertheless, the high hardness of face hardened armor

would be expected to accentuate any inferiority in steel soundnesz. One refer-

ence to the effect of non-metallic inclusions was furnished -y the Naval Pecrvn",

Cround.(35) There it was stated that large non metallic inclusions are rre-

quently found in the face portion of Pluramelt armor ard they tend to cause

face spalls. An example of the type of inclusions found in the face of Pluramel-c

armor is shown in Figure 28.

III. The Manufaoture of Face Hardened Armor

In view of the foregoing discussions on face hardened light armor,

such armor may be defined as steel urmor plate which has been so processed either

by special heat treatinv procedures or by chemical alteration of the fase layer

that it has acquired a hardened face layer extending to a controlled depth rit1L

the balance of the section being considerably softer and more ductile. Actuse'.

all of the face hardened aircraft armor produced commercially has been -de by

some variation of the seoond method mentioned in this definition. Difficulties

encountered in producine face hardened armor by the first method Lre readily

recognized. Obviously, prior treatment to establish the required back proper-

ties would have to be followed by a surface treatment to obtain the required

face hardness. To prevent alteration of the back properties, already set by

prior treatment, surface heating must be fast and closely controlled. Dien

then, there is produced a zone between the hardened face layer and the unafrecte4

back which will have a mixed :icrostruoture and therefore offer little resit.tance

to penetration by projectiles. Notwithstanding these difficultles. cmsiderable
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£ effort to develop, a ele hydening technique was expended during the World War II

A3 period. In general the experiments on light armor were unsuccessful.

The second method of producing a hard face layer, i. e., chemical

alteration of the face portion, has had several variations. For discussion

purposos, these variations may be grouped in three types# (1) Carburized Ax.:r,

(2) Nitrided Armor and (3) Composite Armor.

Carburised armor is the oldest type of face hardened aircraft ar-ncr

known. In oarburised arpor the high face hardness required is obtained by

raising the carbon content of the face layer. For years prior to World War II

pack carburising methods were used. During the war period, however, liquid

bath oarburising and gas carburizing methods were also employed with success.

Officers at the f1val Proving Ground reported that in their opinion, the latelt

developments in gas carburizing should eliminate the major iifficulty encoir.tsred

in oarburized armor. The difficulty referred to is the high carbon content

which usually resulted in retained austenite at th face. Ballistic tests on

carburlsed armor produced dur..ng the war period are equal to the highest -.n

resord.

To date, Pluramelt armor is the most important type of composite arm.or

I produced oommereially. In the Pluramelt process a high carbon (appr:.x. 0.60%)

steel layer is melted onto a low carbon (approx. 0.20%) slab of similar alloy

content by an electric arc located at the interface and the composite slab is

then rolled down to the required plate gauge. For the experiments on depth cf

face, the maker of Pluramelt armor held the thickness of the face layer con-

staut and varied the thickness of the base steel slab to control the percentage

of face in the rolled plate. It was apparent that difficulties in manufaotur.g

increased with increased percent of face. In fact# company representatives

stated that fese cracking and separation at the interface was sioountered on ilalas
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h~vin& a nominal face of 401: to 50%. As a result, no 1/2" platet; having a nominal

face of 50% were delivered for the experiments.

Other disadvantages of Pluramelt have been mentioned previously.

Decarturization at the surface results from heating for rolling and subsequent

high temperature treatments. As long as decarburization is held to a minimum,

baillstic efficiency of the heat treated plate is not impaired. The large non-

metallic inclusions trapped in the face material during aelting must also be

held to minimum.

Manufacture of face hardened light armor by depositing hard facing

compounds, such as stellto, on a suitable back plate has been attem.pted at

different times without success. In 1940 and 1941, Watertow Arsenal investi-

gated the merits of Colmonoy No. 1 and Dyronhard No. 65, two high alloy hard

facing ccmponds, for local surface hardening or quick repair of armor plate.(36)

There %ttempts v.ere also unsuccessful.

Uirthy of mention at this point, is the fact that during recent years

a major steel company has produced experimental heavy composite armor plate.

made b:r a double pouring method. To date, as far as is knovn, face hardened

light armor has not been made by this method. It is believed that light armor

to cL.-pare with carburized or Pluramelt armor could.be produced by the double

pouring method.

T he last method for producing composite arnor to be discussed, for

lack of a better name, shall be called *Roll Weldeda armor. In this method

slabs of suitable thickness and composition are caretully cleaned on adjoining

surfaces, then heated and rolled as a saidich'. The pressure exerted by the

riline mill a.:I the high t-siperature of the "sandwiched" 3labs during rolling

results in a .a'ld at the interface. Attempts to process armor plate by such a

method sre not newi the idea has long been intriguing. Past attempts have

failed because of a separation at the interface.
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A now variation of the roll aelded method has been patented by

B. Liebowitz of New York. Liebo;uits interrupts the rolling of the "sandwich*

slab to give the steel a high tempera'tre homogenizing treatment. By this

trsatm.ent he claims to get a carbon diffusion across the velded bond into

the lo:;'er carbon material. Rolling is then conpleted and the resulting plates

are hetst treated in the usual marner. Liebowitz's experimental plates were

investigated by ,'atsrto' m Arsenal Laboratory in 1941. Apparently because the

results were not outstanding the plates were considered as another failed

attevt and the idea was dropped. Looking back, It may be significant that

Lie'bcitz's first tests were as good as they were.

It seems to be worth while to continue experiments on roll welded

armor. Dahleren has such material from two different sources on hand now.

Al-thou;h preliminary results discussed with personnel at Deahlgren indicate

Chat one of the materials cn hand is no better than past attempts, the second

material seems to give promise. The advantages or control and uniformity or

product over the range of thicknesses used for aircraft armor made possible

"y development of a roll welded practice would be important.

I0
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SPECIFICATIONS FOR STE"M AIRCRAFT-ARMOR AND EFFECTS OF IMPROVEMAENT IN QUALITY



SPECIFICATIONS FOR STEEL AIRCRAFT ARMOR AND EFFECTS OF WPROVEMsEwT IN qUALITY

I. Specifications for Steel Aircraft Armor

The correlation of metallurgical characteristics with ballistic

properties haj bon a continuous, ever knproving process. As various factors

upon which ballistio performance depends were learned, specification requirements

were raised and better armor plate was demanded of industry. The successive

improvements and specification requirement increases developed quite rapdily

particuThrly during the early war years, as a direct result of the vast quantity

of armor produced. Many plates were tested ballistically and a large amount of

technical data gradually "accumulated. As this data bece~e available, first one

variable and then another could be isolated. Finally Interdependence of variables

was recognized.

The improvements resulting from increased Imowledge were accomplished

despite the great deal of confusion that existed prior to the war. It was men-

tioned in the introductory section of this study that specifications for aircraft

armor did not exist at the time United States -was drawn into World War II. There-

fore, both the Arr. and the Navy first procured armor for aircraft to existing

specifications for light armor plate and *bullet proof" steel. 37 ) (38) While

both the Amy and the Navy specifications permitted the use of face hardened or

homogeneous material, the ballistic requirements were so high that manufacturers

were forced to furnish face hardened armor. Since the nanufacture of face hard-

"ened armor was a highly specialized and somewhat difficult process, few concerns

were attracted to the field.

For thove man7Zcturers attracted to the armor plate business, it must

have been disconeerting to learn that although the specifications permitted the

use of homogeneous armor successful ballistic test results could not be achieved

I V -



with such material. Likely, it was also confusing to a new marLufacturer to find

that the Army and 'lavy each had their own criteria for acceptance. For example,

Specifiiation AXS-54K, Rev. 4 specified that a 3/A" thick plate had to resist

*Conplete Penetration" by a caliber .30 A.P. M2 projectile at 2250 f.s. (at

nornal incidence). "Complete penetration" was considered to have been obtained

when any portion of the bullet or projectile protruded through the plate; or,

when by Impact, a hole had been made in the rear face of the plate of any size

whatsoever, sufficient to admit the passage of light or produce spalls, buttons,

cracks or slivers in the rear of the plate. Specification OS. 595 required a

3/8" thick plate to resist "complete penetrution" by the caliber .30 A.P. M2

projectile at 2315 f.s. (at normal incidence). Oily in this case, complete

penetration was considered to have been obtained when the bullet core passed

completely through and fell behind the plate.

Despite the confusion surrounding the specifications, the steel

aircr~it armor suppliers joined in the defense e.fort and produced satisfactory

race hardened armor. However, as %ar neared and tonnage requirements increased,

it. becs.e aparent that the aircraft building program would be delayed unless

the country-s aircraft armor capacity was rapidly expanded. It was realized at

this time that for certain installations within a plane, homogeneous armor which

could be manufactured with less difficulty than face hardened armor would suffice

or even be advantageous. In fact, the British started ordering homogeneous armor

at about the same time in order to prevent damage resulting from fragmentation of

bullet cores. Thus, it came about that specifications for homogeneous arikor were

written and the nation's aircraft armor capacity was expanded to ieet the increas-

ing demands of! ths-aircraft Ind
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j The first specifications for homogeneous steel aircraft armor still

differed on definition of a complete penetration. Army specification A4.1005(8

required a 3/8" thick plate to resist complete penetration of caliber .",M

projectiles at 1550 f.s. (at normal incidence) whereas the Navy Specifioaties

0.3. 238040 required 3/8" material to resist penetration of the same projectile

at 1755 f.s. In the first case the pinhole of light criterion ruled while ia the

latter case the bullet had to pass through the plate to be called a complete

penetration.

The specification requirements for homogeneous steel aircraft arsor

were increased rapidly during 1941 and 1942 as production of armor increneed.

(41)Havy Departmient Specification 0.S. 2498 dated just a year after the &b"

maentioned 0.S. 2 80 shows that the minimum velocity at which a complete pestratie

(bullet through plate criterion) was permitted was 2060 f.e. for the sanstet

conditions mentioned in the foregoing exwnples. The increase over the rooW*0M%

of 0.3. 2380 for the samnple tost condition was 17%. In addition to the iswgg

resistance to penetration specified, improved resistance to shook was als

quirel' ihereas 0.3. 2380 limited the size of exit holes on completeo e s~ m

and spezifiod that no cracking should occur on impact, the later s e i i

0.3. 2498, provided for an additional shook test by 2Oua RN. projectiles 40 4

specified the type and antount of damage resulting from the test that mom" ft

permitted. In fact. it gradually became apparent after the effect of hfef

was recogni.-ed that in many cases the shock test was the governing teat.,

of this Is found in a Naval Proving g2round memorandum report(42) whichihw

a major supplier of homogeneous steel aircraft armor oxperienced 11% faiume *0

the Z0.ni shock test on 61 groups of 3/16" and 1/40 armor furaiuhe in 145.

j No further increases in "Resistance to Penetration' requiremefts ftr

homogeneous stp4l aircraft armor were made after 1942. Late In 1942, hosw~*.



the Army abandoned the Pinpoi.nt of light criterion (on aircraft armor testing)

ant) collaborated with the "avy in preparing Specification A.N.O.S. I(41). In

1945 joint Army-Nay Spesification JAk-A-256(44 ) superceded A.N.0.S. 1. Jorthy

of mention at this point is the fact that Yhile both the Army and Navy finally

adopted the Navy "projectile through plate' criterion, controversy concerning the

merits of one criterion versus the other continued. Late in 1943, Watertown

Arsenal published a report -Mhich pointed out the disadvantages of both criteria

and proposed concideration of a "Lethal Limit" criterion.(46) Although this .

proposal apparently did not fi.nd ravor when Specifioation JAN-A-256 was prepared,

the report as a whole is recornrended for its re lictic approach to the problem

of specifying ballistic requirements.

Ball.stic test requirements of face hardened steel aircraft armor

also tncreased during the ar years. Typical resistance to penetration require-

ments are shown in the fcllowing table.

Periods 1940-43 1943 1944

Speifications 0.S.595( 38) 0.8. 277 
( 46 )  ANOS No. 2

(4 7 )

Test Conditions Velocity in feet per second

1/4" plate vs.
cal. .30 A.?. 0 00 1915 1975 1995

3/8" plate vs.
cal. .60 A.P. a * 1766 1825 185

1/20 plate 's 0
cal. .80 A.p. @0 2065 2075 2070

As in the specifications for homogeneous steel airoraft armor, shook

test requirements for face hardened armor were also increased during the period

being disoussed.
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II Possibilities of -%rther Improvements

There are two considerations in determining whether or not further

improvementV in steel aircraft armor are possible. First, is there evidence to

show that armor o: maxinu efficiency is now being produced, and secondly, is

it possible to increase the average efficiency of armor?

Insofar as hcmogeneous steel aircraft armor is concerned, the possi-"

bilities of increasin, the maximum efficiency heretofore attained appear to be

very limited. In the part of this study dealing with homogeneous armor, the

authors attermpted to show that the ballistic performance at an optimum hardness

is primarily determined by the toughness of the material. Optimum toughness at

optimum hardness, in turn, is primarily dependent upon microstructure and the

optimum microstructte is te'ipered martensite.

Data now available permits determination of the optimum hardness for

each of the coi-m.on ballistic test conditiorns. Since the basic importance of this

variable was first rec:gnized, the Army has been carrying on an extensive program

to determine the *Effect of Hardness* on any given set of ballistic conditions.

Upon completion of this program, the armor metallurgist will have full knowledge

of the fundamental re;uire.ent, optimum hardness. While there is no indication

that the Army does not intend to continue its program, the authors' recommendation

A. 1. (page 30) that thework should be continued is for the express purpose of

emphasizing the inportance of the work.

Since the optimum microstruoture is known to be tempered martensite

reomendations B. 1 and 2. (page 31) would not be expected to result in further

increases in maximu- efficiency. However, such studies should bring about ultim-

ately a general irpro-emdnt in average quality. t
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Reoommendations C. 1, 2 and 3 and D. 1 and 2 are also aimed at improving

averege quality. It will be noted that these rocommendations are concerned pri-

marily with production problems.

It would appear that the recommendations concerning rurher studies on

composition offer the most fertile field for future development. Recomendations

E. 1 and 2 (page 31) stand out among all as being those -ost likely to result in

increasing the maxinum efficiency of homogeneous armor. Reference is made to

Figure 17 to support this suggostion. Recormeendations E. 3, 4 and 5 (page 32)

would serve to further increase knowledge and understanding of factors expected

to be enzountered in carrying out reconiendaticns E. I and 2.

In contrast to the situation just discussed -uherein there appeared but

little hope for increasing the maximum efficiency of hciogeneous aircraft armorb

the study of face hardened armor seems to indicate that further improvement of

that material is pcssible. This situaticn exists despite the fact that homogen-

ocus aircraft anuor was developed to its present high level within the war period,

whereas face hardened armor had been in use long before the war. The reason for

the situation is apparent in the study cf face hardened armor. Not tntil high

precision metallurgisal instruments and techniques were employed ia tho Investi-

gation of a large nt-.ber of ballistically tested plates was it possible to isolate

effects of the most inportant variables in face hardened armor. Although these

variables were beinG isolated at the same time the fundamental requirements of

homogenecus armor were being learned, the complexity of the hardness pattern alone

in face hardened armor obsoured the relative importance of each variable within

the pattern. As a result the interdependence of different variables had not been

fully learned at the var's end,
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(. It will be recalled that several recommendations for development work

wore made in the course of discus3ion on face hardened armor. All of the recom-

mondations, however, pertained to the hardness pattern. The recommendations on

page 39 reCarding race hardness, on page 42 regarding depth of face, and on

page 43 regarding back hardness are related and of equal importance. Implement-

ation or a research program based on these recoa-.endations could ultimately result

in an empirical formula for determining the optimzi hardness pattern for any

given test condition. The other suggestions made, page 49, pertain to po3sible

now methods for attaining the optimum hardness pattern once the pattern itself

is known.

In considering what improvement is possible or expected as a result of

the sug,.gested research program, the following surmnary of past and predicted re-

sults for a single test condition is pertinent. In the case of Navy l/Zface

hardened armor vs caliber .50 A. P. proje:tiles at normal incidence, the minimum

limit velocity required by Specification 0. S. 595 was 2050 f.s. During 1941 and

1942 the average limit velocity of more than 1900 plates tested was about 2130 f.s.

More than 1000 of the plates tested were of the Pluramelt type and the average

depth of face of 1/2" Pluramolt armor was 20. On Figure 22, note that the

optimum depth of face for 1/2W armor is apparently over 30%. The depth of face

experiments and various other investigations of face hardened armor conducted and

reported in 1944 and 1945 led the Naval Proving Ground to reo iend increasing

the minimum limit requirement for 1/20 armor to 2267 f.s. since the results of

the various experiments had shown that limits consistently above this figure

were 'po i Although this specification requirement increase has not been

made to date, the recommendation is a matter of record.(30) It is apparent,

therefore, that an increase of about 150 f.s. in limit velocity over that

prevailing in 1942 is immediately possible. The fact that the optimum hardness

II



pattern as a whole has yet to be determined leads to the belief that still

further improvement is also possible.

The foregoing conclusions of the authors are in agreement with

opinions of armor metallurgists at Watertown Arsenal and the Naval Proving Ground.

While illustrations supporting the major points of the conclusions were taken

from reports published by the latter agency, Watertown Arsenal representatives

expressed the smae opinions, in general, during a discussion at the Arsenal

Laboratory in the course of this study.
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